Abstract: Low water tables typically found in peatlands during dry summer periods or in the vicinity of drainage ditches may lead to moisture deficiency in porous surface peats. Episodes of drought stress might compromise the growth benefits brought about by lower ground-water levels. We examined the water relations of black spruce (Picea mariana) trees on a natural peatland during relatively wet (1990) and relatively dry (1991) summers. Seasonal patterns of pre-dawn and mid-day shoot water potentials and stomatal conductance were not related to peat water content or to water-table depth. There was no evidence of water stress or osmotic adjustment in sampled trees during wet and dry growing seasons. Our soil moisture data showed that although water-table levels were as low as Ϫ66 cm in 1991, water availability in the root zone remained high. Even with the absence of mid-day water stress during the summer of 1991, a 50% reduction in stomatal conductance as compared with the previous year was found. We suggest that signals from the bulk of the roots located in dry peat top layer contributed to the regulation of stomatal conductance.
INTRODUCTION
The cool and anaerobic soil conditions typically found in peatland forests affect the physiology of trees, particularly their water relations, photosynthesis, and mineral nutrition (Kozlowski 1982) . Lowering of the water-table level through drainage or by evapotranspiration during summer dry periods improves the moisture, aeration, and thermal regimes of peat and increases nutrient availability (Hillman 1992 , Prévost et al. 1999 . Such improvements in edaphic conditions are generally associated with increased photosynthesis (Macdonald and Lieffers 1990) and enhanced aboveand below-ground growth (Payandeh 1973 , Lieffers and Rothwell 1987 , Dang and Lieffers 1989 , Paavilainen and Päivänen 1995 , Macdonald and Yin 1999 .
Some concerns have been presented that low water tables could occasionally lead to moisture deficiency during hot and dry summer periods (Braekke 1983 , Berry and Jeglum 1988 , Rothwell et al. 1996 . This is because trees growing on organic soils have root systems that are predominantly confined to the unsaturated surface layers of peat (upper 20 cm) (Lieffers and Rothwell 1987) . Consequently, the effect of lowering the water table upon substrate water potential (Mannerkoski 1985) and the possible rapid decrease of peat moisture in the more fibrous surface layers (where most of the roots are located) could expose these trees to periods of water deficit during dry summers. High evaporative demand could also induce short-term water stress. Such episodes of water stress would thus limit tree growth and compromise the benefits brought about by low ground-water levels.
Although drought stress generally is associated with limited bulk soil-water resources, there is evidence that trees in natural peatlands can undergo periods of water stress during the afternoon (Dang et al. 1991) . Insufficient tree water uptake in wet organic soils is usually attributed to the relatively small absorptive surface of shallow root systems and possibly reduced root hydraulic conductance because of low soil temperatures (Lopushinsky and Kaufmann 1984, Dang et al. 1991) . However, it has also been suggested that tree species adapted to high soil water availability lack the mechanisms of drought tolerance that are commonly found in xeric and mesic species (Fan et al. 1994 , Kubiske and Abrams 1994 , Tognetti et al. 1997 . It is thus possible that physiological processes in peatland trees are affected by even small reductions in root-zone water content. While the effects of flooding on tree physiology have been well-described (Kozlowski 1982 , Macdonald and Lieffers 1990 , Dang et al. 1991 , there is little information on how peatland trees respond to occasional drying of the peat top layer.
In this study, we examined the water relations and stomatal conductance to water vapour (g s ) of black spruce (Picea mariana (Mill.) BSP) trees on a natural peatland during two consecutive growing seasons. Our main objectives were to determine (1) whether peatland trees undergo periods of water stress when exposed to the drying of peat top layer produced by low water tables and (2) the physiological processes involved in their responses to seasonal drought. Relatively dry soil conditions were provided by a moderate summer drought in the second growing season.
MATERIALS AND METHODS

Experimental Site
We conducted this study in the richer part of a forested ombrotrophic bog of the Lotbinière district, about 50 km south-west of Québec City, Québec, Canada (46Њ27Ј N, 71Њ23Ј W). The organic material, averaging 1 m in depth for the bog (ϳ60 cm in our study site; area ϳ1 ha), has accumulated on an impermeable compacted sandy till. The forest is a 45-to 55-yearold open black spruce stand, with tree heights up to 12 m, a tree density of 950 trees ha -1 , and a total basal area of 11 m 2 ha -1 . Tamarack (Larix laricina (Du Roi) K. Koch) and balsam fir (Abies balsamea (L.) Mill.) are present as companion species. Sphagnum spp. covers the ground, Pleurozium schreberi (Brid.) Mitt., and Polythricum strictum Banks. are dominant species on the hummocks, and Nemopanthus mucronatus (L.) Trel. is the chief shrub.
The climate is cold and humid, with a growing season (daily mean temperature above ϩ5ЊC) lasting on average 185 days and reaching 1660 degree-days (Dumas-Rousseau 1975) . Mean July and January temperatures are 18.5 and Ϫ12.5ЊC, respectively. Total annual precipitation for the region averages 957 mm, of which two-thirds falls during the growing season. The potential evapotranspiration for the area estimated by Thornthwaite's method is 560 mm (Wilson 1971) .
Four undisturbed 260 cm 3 peat samples were collected at 5, 10, 20, 30, 40, and 50 cm depth (while the water table was at Ϫ6 cm) to determine soil properties. Details of the sampling procedure are given in Pepin et al. (1992) . These samples were kept saturated in the laboratory for 24 h, and the following physical characteristics were measured: weight and volume at saturation, dry weight, bulk density, particle density, and total porosity. Based on those characteristics and the Canadian System of Soil Classification (Agriculture Canada Expert Committee on Soil Survey 1987), the material was found to be fibric at 5 cm, mesic in the 10-40 cm layer, and humic at 50 cm and was classified as a Typic Mesisol. Roots were predominantly located within the upper 10-15 cm peat layer, with maximum rooting depth occasionally reaching 20 cm (measured in four different soil pits).
Shoot Water Relations
Tree water status was monitored during both growing seasons by measuring pre-dawn (⌿ pre ) and mid-day (⌿ mid ) shoot water potential (Ritchie and Hinckley 1975) . Four twigs per tree were excised with a pruning pole at 0200 and 1400 h from lateral branches in the upper third of the crown of five dominant-codominant black spruce distributed on the site (area ϳ0.1 ha). Excised twigs were immediately sealed in humidified plastic bags, placed in a cooler, and brought back to the lab for determinations of ⌿ with a pressure chamber (model 610, PMS Instruments, Corvallis, OR, USA). The variability among all 20 readings was rarely greater than 0.1 MPa.
Water relations parameters of four healthy dominant-codominant trees (also used for measurements of stomatal conductance) were determined through the analysis of pressure-volume (PV) curves (Cheung et al. 1975 , 1976 , Kandiko et al. 1980 , Ritchie and Shula 1984 on three sampling dates in each growing season.
Twigs were collected between 0200 and 0300 h, stored in plastic bags, and then recut under water in the laboratory and left to saturate overnight. On the next morning, PV curves were obtained using the procedure of Hinckley et al. (1980) . Afterwards, sample shoots were oven-dried at 65ЊC for 48 h and their dry weight determined.
Osmotic potentials were estimated according to the ''PVC'' exponential model of Schulte and Hinckley (1985) . The osmotic potential at full saturation (⌿ ,sat ) and turgor loss point (⌿ ,tlp ) and the relative water content at turgor loss point (R tlp ) were calculated with a non-linear least squares routine using the Marquardt algorithm (SAS Institute 1985) . Bulk tissue elastic modulus (E) was calculated after Roberts et al. (1981) and E max data, which correspond to bulk modulus of elasticity at full turgor, were taken at R values of 100 and 97% (Colombo 1987 , Grossnickle 1989 ).
Stomatal Conductance
Diurnal patterns of stomatal conductance (g s ) were measured during 10 days (5 July-27 Aug) in 1990 and 8 days (4 July-29 Aug) in 1991 under clear or partly cloudy conditions. Scaffolds were installed to provide access to branches in the upper third of the crown of four spruces. Four one-year-old shoots (one per branch) were labeled on each tree and measured repeatedly. Measurements of g s were made every 2 h between 0700 and 1900 h using a steady-state diffusion porometer (LI-1600, Li-Cor Inc., Lincoln, NE, USA) with a conifer cuvette. The sampling periods started when the foliage was dry in the morning. New one-year-old shoots were selected on the same branches in the second growing season. Additional g s measurements were carried out on two codominant balsam fir trees (located ϳ50 m away from the sampled spruce trees) following the same procedure. Values of g s were corrected for the total foliage area enclosed in the chamber (Eq. A1, LI-COR 1989). The foliage area of each shoot used for g s measurements was determined at the end of the growing season using a digital imaging analysis system (model DIAS, Decagon Devices Inc., Pullman, WA, USA). Total foliage area (all sides) was then calculated using a ratio of total to projected needle surface area of 2.3 (determined following the procedures of Brand (1987) , n ϭ25 samples of 5 spruce needles). A ratio of 2 was assumed to calculate the total surface area of balsam fir needles. Foliage area enclosed in the cuvette was corrected for the few needles that were lost during the measurement period.
Air temperature and relative humidity were measured every half hour with a psychrometer (model 566, Bendix, Baltimore, MD, USA) and used to calculate the atmospheric vapour pressure deficit (VPD). All porometer measurements were made at ambient humidities between 20 and 70%.
Soil Moisture Conditions
The water regime of the peat was measured during both growing seasons. Water-table levels were measured in nine ground-water wells (perforated plastic pipes: 4 cm in diameter and 1 m long) distributed on the site. The moisture content of peat was determined using time-domain reflectometry (TDR). Details of measurement techniques and calibration in peat substrate can be found in Pepin et al. (1992) . TDR measurements were carried out with a cable tester (model 1502, Tektronix, Beaverton, OR, USA) in one pit during the first growing season, and one more pit was installed before the second growing season. TDR probes were inserted horizontally at 5, 10, 20, and 30 cm depths into a wall of each pit carefully dug and refilled. These TDR profiles were located at ϳ3 and 10 m from the trees sampled for g s . Measurements of the water-table depths and TDR readings were performed every 2-3 days between May and October. Daily precipitation was monitored at the site with a Belfort rain gauge and recorded hourly with a datalogger (CR10, Campbell Scientific, Logan, UT, USA).
Data Analyses
Kolomogorov D statistic and Bartlett's test were used to verify assumptions of normality and homogeneity of variances, respectively. Pre-dawn and midday water potentials and daily maximum stomatal conductance were compared between years using analysis of variance. Changes in shoot water relations parameters during a growing season were compared using the Waller-Duncan method. All statistical analyses were performed on the SAS system (SAS Institute 1985) with a level of significance of P Յ 0.05.
RESULTS
Soil Moisture Conditions
May to September 1990 and 1991 rainfalls were 612 and 403 mm, respectively (Figure 1) . The average and lowest water-table depths measured at the site were, respectively, Ϫ13.3 and Ϫ23.9 cm during the first growing season and Ϫ29.6 and Ϫ66.4 cm during the second. There was no significant seasonal change in peat moisture content in 1990. Overall, peat water content remained very close to saturation at all depths during the first growing season. The moisture contents were, under saturated soil conditions, higher in the surface horizons than at 20-and 30-cm depth. This was attributable to a greater peat porosity in the surface layers (5, 10 cm). Soil drying was observed only at the 5-cm depth for few days in 1990 (changes Ͻ0.10 m 3 m -3 ). In contrast, a pronounced decrease in peat water content was observed at 5 and 10 cm during the second season (Figure 1) . When the water table was at its lowest level, moisture contents were 0.48 and 0.67 m 3 m -3 at the 5-and 10-cm depth, respectively. There was only a slight seasonal decrease in water content at the 20-cm depth (ϳ0.12 m 3 m -3 ) and almost no change (Ͻ0.05 m 3 m -3 ) at 30 cm.
Water Relations
During the wet 1990 growing season, there was a significant decrease in osmotic potential at saturation (⌿ ,sat ) but little change in osmotic potential at turgor loss point (⌿ ,tlp ) ( Table 1) . Mid-day water potentials measured on 17 July, 3 and 23 August (mean ϭϪ1.56 MPa) were all greater than corresponding ⌿ ,tlp (mean ϭϪ2.25 MPa). The relative water content at turgor loss point (R tlp ) and maximum modulus of elasticity (E max ) both increased between the first two sampling Table 2 . Seasonal averages (Ϯ SE, and n in parentheses) of daily pre-dawn (⌿ pre ) and mid-day (⌿ mid ) shoot water potentials, and daily maximum stomatal conductances (g s,max ) of black spruce trees during wet (1990) and dry (1991) growing seasons. Values followed by the same letter are not significantly different (P Ͼ 0.05) between seasons. dates in 1990 and remained at that level for the last measurement. The low E max measured on 17 July 1990 suggested that shoot elongation was still in process (not measured). This is consistent with the observed late bud burst (mid-June) in the wet compared to dry year (late May). In general, there were only small seasonal changes in shoot water-relations attributes throughout the dry 1991 summer (Table 1) . However, on the first sampling date, lower ⌿ ,sat and greater ⌿ ,tlp , R tlp and E max were found in 1991 than in 1990. The mid-day water potentials measured on 19 July, 7 and 29 August (mean ϭϪ1.45 MPa) were all higher than the osmotic potentials at turgor loss point measured on the same days (mean ϭϪ2.02 MPa). Interestingly, the lowest (more negative) osmotic potentials (both ⌿ ,sat and ⌿ ,tlp ) were observed during the wet growing season. Despite significant differences in soil moisture regime between both growing seasons, pre-dawn (⌿ pre ) and mid-day (⌿ mid ) shoot water potentials were generally similar (Figure 2 ). Under the wet soil conditions of the 1990 season, mean pre-dawn water potentials ranged between Ϫ0.18 and Ϫ0.72 MPa, and mean mid-day water potentials varied between Ϫ0.71 and Ϫ1.83 MPa (Figure 2 ). During the dry 1991 growing season, mean values of ⌿ pre and ⌿ mid ranged from Ϫ0.30 to Ϫ0.99 MPa and Ϫ1.16 to Ϫ1.88 MPa, respectively. Mid-day ⌿ were occasionally measured on cloudy days in 1990 (see Figure 2) and thus, these data were excluded from the calculation of seasonal mean ( Table 2 ). The seasonal average of daily ⌿ pre was slightly lower in dry than wet year (PϽ0.001).
Stomatal Conductance
In general, diurnal patterns of stomatal conductance (g s ) were similar between both growing seasons (Figure 3) . Typically, stomatal conductance was high in the morning when the vapour pressure deficit (VPD) was low and decreased gradually with increasing VPD throughout the day. Some sampling dates showed very little diurnal change (Ͻ10%) in g s , while the average daily reductions were 28 and 39% during the wet and dry growing season, respectively.
The stomatal conductance of black spruce foliage was reduced by 54% in 1991, with a seasonal average of 14.0 mmol m -2 s -1 as compared to 30.5 mmol m (Figure 4b) . However, the mean daily maximum g s was only 27% lower in the dry than wet growing season (Table 2 ). The drier soil conditions observed in 1991 were also associated with higher vapour pressure deficits. Maximum vapour pressure deficits were about 3.5-4.0 kPa during dry 1991 summer while VPD reached 2.5-3.0 kPa in summer 1990 (Figure 4 ). No significant difference in stomatal sensitivity to VPD could be detected between both growing seasons.
DISCUSSION Water Relations
The water status of peatland trees was not adversely affected by drying of the peat top layer. When exposed to relatively low water tables and concomitant dry peat surfaces, black spruce trees had pre-dawn (⌿ pre ) and mid-day (⌿ mid ) shoot water potentials similar to those under high ground-water levels ( Figure 2 , Table 2 ). It is generally assumed that, following overnight recovery, pre-dawn ⌿ corresponds to the equilibrium be- Figure 3 . Diurnal course of stomatal conductance to water vapour (g s ; circle) measured on four black spruce trees during (A) wet (1990; n ϭ 10 days) and (B) dry (1991; n ϭ 8 days) growing seasons. Measurements were carried out on four shoots per individual and averaged (n ϭ 16) per hour. Each data point is the mean (Ϯ SE) of three to seven sampling days (measurement periods occasionally started on the odd hour when foliage was covered with dew). Also shown is the atmospheric vapour pressure deficit (VPD; triangle). Means without vertical bars indicate that SE is smaller than the symbol. tween plant and soil water potential, and thus reflects soil water status (but see Sellin 1999) . Although the lowest ⌿ pre measured in this study occurred when the water table was at its deepest level (31 July 1991), there was overall no significant relationship between ⌿ pre and peat moisture content at any depth (R 2 Ͻ0.10, PϾ0.52). Values of ⌿ pre and ⌿ mid presented here are within the Ϫ0.4 to Ϫ2.2 MPa range reported for black spruces on natural peatlands under saturated soil conditions (Dang et al. 1991) and during a dry growing season (Dang et al. 1997) .
Despite lower peat water content in the dry compared to wet year, the matric potentials and hence soil water availability remained relatively high. At the lowest water-table level of Ϫ66 cm, the water content at 5, 10, and 20 cm depths corresponded to matric potentials above Ϫ0.02 MPa according to Paavilainen and Päivänen (1995) and the relations established by Belleau (1988) on a nearby site. Although this may explain the lack of differences in shoot water potentials between wet and dry years (also observed in 2 balsam fir trees; data not shown), it does not account for the reductions in stomatal conductance observed during the summer of 1991 (Figures 3 and 4) . Another possibility is that physiological adjustment occurred to maintain a constant ⌿. Our water-relations parameters indicate that trees maintained turgor throughout both wet and dry growing seasons, but there were no seasonal elastic or osmotic adjustments associated with the drier soil conditions of 1991 (Table 1) . Many studies have shown that the responses of black spruce to water stress can involve the regulation of turgor through active osmotic adjustment Blake 1989, Tan et al. 1992) or changes in cell wall elasticity (Blake et al. 1991 , Fan et al. 1994 ) and/or the acclimation of stomatal and photosynthetic mechanisms (Zine El Abidine et al. 1994) .
CO 2 assimilation (A) in black spruce is mostly limited by mesophyll processes during water stress (Stew-art et al. 1995) or under wet soil conditions (Dang et al. 1991, Kubiske and Abrams 1993) . However, there is evidence that stomatal limitation to A increases later in the growing season (Dang et al. 1997) . It has been proposed that the aperture of stomata is regulated to minimize the risk of xylem cavitation by maintaining shoot water potentials above threshold values and possibly maximize, in the short-term, carbon assimilation and productivity (Jones and Sutherland 1991 , Sperry 1995 , Williams et al. 1996 . In mature black spruce trees, stomatal conductance has been found to decrease continuously in response to falling shoot water potential, whereas net photosynthesis and mesophyll conductance have threshold ⌿ values of about Ϫ2.5 MPa (Dang et al. 1997 ). The lowest mid-day water potentials reported in the literature for black spruce trees growing on organic soils (-2.0 to Ϫ2.2 MPa, including this study) approached but remained slightly above the threshold ⌿ for photosynthesis. This suggests that there are homeostatic adjustments (e.g., stomatal regulation, properties of the hydraulic pathway) that maintain shoot water potential within relatively narrow limits. The mechanisms underlying such responses are not known. However, Maier-Maercker (1998) recently described experiments that support the notion of negative feedback loop between g s and ⌿ and suggested that stomata respond directly to the ratio of water supply to water demand by the atmosphere.
Stomatal Conductance
The drier peat conditions of summer 1991 were associated with a 54% reduction in stomatal conductance (g s ) and a 27% reduction in daily maximum g s , as compared with the previous year ( Figures 3 and 4 , Table  2 ). This contrasts with the data of Macdonald and Lieffers (1990) , who found that lowering the water table through drainage (average drop: 40-50 cm) improved nitrogen relations but had no significant effect on stomatal conductance, up to 5 years after treatment. Further, the diurnal changes in g s observed in this study (mean daily reduction: ϳ28 and 39% during wet and dry year, respectively) were much less pronounced than those reported by Dang et al. (1991) for black spruce trees on saturated peatland (mean daily reduction in g s : ϳ60%). It is clear that g s is regulated by changes in the transpirational flux density within the tree, which accommodates the atmospheric demand for water with the supply of water from the soil (Monteith 1995) . Dang et al. (1997) recently described the stomatal responses of black spruce trees to leaf-to-atmosphere vapour pressure difference (D) and demonstrated its importance in regulating gas exchange at the shoot level. The stomata of black spruce were only slightly sensitive to changes in VPD during the wet growing season, with an overall 11% decrease in g s as VPD increased from 0.75 to 3.0 kPa (Figure 4a) . Hence, it appears that under these conditions of high soil water availability, there was sufficient water uptake by the trees over this range of evaporative demands (also supported by the water potential measurements). A greater stomatal sensitivity to VPD was found during the dry summer of 1991, where g s decreased by nearly 40% with increasing VPD from 0.75 to 4.0 kPa. Such reductions in g s are more consistent with the observations of Dang et al. (1991; ϳ50% decrease in g s when VPD increased from 0.1 to 1.4 kPa) and of Dang et al. (1997;  ϳ60% decrease in g s for a change in D from 0.5 to 4.0 kPa). Assuming that VPDഠD for conifer foliage (i.e., the boundary layer conductance is large), the empirical model of Dang et al. (1997) clearly overestimates the values of g s found during the relatively dry soil conditions of summer 1991. Our results thus suggest that there might be additional mechanisms that could account for the reduction in stomatal conductance and the difference in the g s vs. VPD relationships between years.
There is evidence that in a drying soil, chemical root signals may reduce stomatal conductance without any detectable change in shoot water potential (Davies and Zhang 1991) . Endogenous abscisic acid (ABA) produced in the roots and transported to the leaves via the xylem stream has been implicated in bringing about stomatal closure in drought-stressed herbaceous species (Schurr et al. 1992) . In contrast, it is suggested that in woody species, ABA is sequestered in the leaf under well-watered soil conditions and subsequently released in the apoplast, as the soil dries, to act on the stomatal guard cells (Hartung and Slovik 1991) . Small changes in leaf water status generally associated with soil drying or other perturbation to the hydraulic pathway in the xylem (but likely masked by measurement of bulk ⌿; Sperry et al. 1993 ) could trigger the redistribution of ABA in leaves (Fuchs and Livingston 1996, Whitehead et al. 1996) . Although the stomata of woody plants do not appear fully responsive to signals generated in the roots (Saliendra et al. 1995, Fuchs and , such responses have not been examined in tree species adapted to high soil water availability. Roots located in the more fibrous surface layers (0-5 cm) were occasionally exposed to peat moisture contents lower than 0.40 m 3 m -3 during the dry summer of 1991. We suggest that despite high moisture availability in the root zone, small roots in the surface horizons of dry peat were dehydrated and that metabolites from these roots likely contributed to the stomatal regulation of transpiration (decrease in g s ), thus maintaining shoot turgor under conditions of high evaporative demand. Although consistent with our findings, such a hypothesis remains to be tested. Our results do not, however, rule out the possibility that g s is regulated by an interaction between chemical and hydraulic signals, as, for example, proposed by Tardieu and Davies (1993) . The sensitivity of peatland trees to seasonal drought, and the physiological processes involved in their acclimative responses to soil drying, warrants further investigation, particularly in a context where future changes in temperature and precipitation regime may lead to increased soil water variability in organic soils.
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